When ternary mixed solutions of water-hydrophilic/hydrophobic organic solvents are fed into a microspace under laminar flow conditions, the solvent molecules are radially distributed in the microspace. The specific fluidic behavior of the solvents is termed "tube radial distribution phenomenon" (TRDP). In this study, water-acetonitrile-ethyl acetate mixed solutions (3:8:4 volume ratio) containing fluorescent dyes, perylene (0.1 mM) and Eosin Y (1 mM), were fed into fused-silica capillary tubes (75 μm i.d.) for investigating the TRDP with a fluorescence microscope-CCD camera under various analytical conditions. The pressure at the observation point for the fluorescence on the tube was changed by altering the flow rates, capillary total lengths, and capillary effective lengths. The obtained fluorescence images showed that the TRDP in the capillary tube created the inner and outer phases, i.e., the organic solvent-rich major inner and the water-rich minor outer phases in this case, providing the kinetic liquid-liquid interface. The formation of the inner and outer phases in the capillary tube was observed at flow rates of 0.5 -2.0 μL min -1 under the present analytical conditions. We also discuss the specific formation locations of the major and minor solvents.
Introduction
Various types of aqueous-organic solvent mixed solutions are used in dissolution, 1, 2 cleaning, 3 preservation, 4 and as reaction solvents. 5, 6 Such mixed solutions are also useful in separation science, [7] [8] [9] as extraction solvents and in liquid chromatography. In liquid chromatography, hydrophilic and hydrophobic organic solvent mixtures are used as carrier solutions in normal phase chromatography, while water and hydrophilic organic solvent mixtures are used in reverse-phase chromatography. However, to date, ternary mixed solutions of water-hydrophilic/hydrophobic organic solvents have not been examined in detail for use as carrier solutions in liquid chromatography, or even for other way.
When ternary mixed solutions of water-hydrophilic/hydrophobic organic solvents are fed into a microspace, such as microchannels in a microchip or capillary tubes, under laminar flow conditions, the solvent molecules are radially distributed, regardless of the section shape [10] [11] [12] [13] and the inner wall material 10, 11, 14, 15 in the microspace. This is called the "tube radial distribution phenomenon" (TRDP). 12, 13 In the TRDP, with the organic solvent-rich solution the organic solvent-rich major phase is generated around the middle of the microspace as an inner phase, while the water-rich minor phase is formed near the inner wall as an outer phase. On the other hand, with the water-rich solution the water-rich major phase is generated as an inner phase, while the organic solvent-rich minor phase is formed as an outer phase. The phenomenon has been supported by fluorescence studies of dyes dissolved in ternary mixed solvents 12, 14 and the elution behavior of hydrophilic and hydrophobic solutes in capillary tubes under laminar flow conditions. 10, 11, 15 Other experimental data using polymer particles as analytes, 16 phenylboronic acid-or iminodiacetic acid-modified fused-silica capillary tubes, 17 and double fused-silica capillary tubes with different inner diameters 18 also support the TRDP of the carrier solvents. The phase interface generated by TRDP is very specific and of interest in variuous fields of technology, engineering, and science. We are investigating TRDP in chromatography, extraction, and chemical reactions and have used the terminology, tube radial distribution chromatography (TRDC), 10, 11, 13, 15 tube radial distribution extraction (TRDE), 19 and tube radial distribution reaction (TRDR), 20 respectively. Various types of analyte, such as organic compounds, 11 amino acids, 21 proteins, [21] [22] [23] nucleosides, 17 metal ions, 17, 22 metal complexes, 17, 22 fluorescence compounds, 23 and optical isomers 24 have been analyzed by TRDC. The phase diagrams for ternary mixed solvents of water, acetonitrile, and ethyl acetate was examined for TRDP and TRDC in our previous paper, 13 and the results indicated that the pressure change in the capillary tube under laminar flow conditions might alter the carrier solution from homogeneous to heterogeneous, thus affecting the tube radial distribution of the solvents in the capillary tube. Therefore, in this study, we investigated the conditions needed for the formation of the inner and outer phases created through TRDP in the capillary tubes.
Experimental

Reagents and materials
Water was purified with an Elix UV 3 system (Millipore Co., Billerica, MA 
Pressure applied in batch vessels
Water-acetonitrile-ethyl acetate homogeneous solutions were prepared in different volume ratios (3:8:4, 3:8:3, and 3:8:2). Each homogeneous ternary mixed solution (3 mL) was put in a glass open batch vessel (5 mL volume), which was then placed in a resisting pressure glass vessel (500 mL volume). Pressures of 1.1 -1.4 × 10 5 Pa (cf. atmospheric pressure, 1.01 × 10 5 Pa) were applied to the solution with nitrogen gas.
Fluorescence images
The fluorescence microscopy setup with either a fused-silica capillary tube, PTFE capillary tube, or a microchip incorporating a microchannel is shown in Fig. 1 . The fluorescence in the capillary tubes or microchannels was monitored at various points using a fluorescence microscope (BX51; Olympus, Tokyo, Japan) equipped with an Hg lamp, a filter (U-MWU2, ex 330 -385 nm, em >420 nm), and CCD camera (JK-TU53H; Toshiba, Tokyo, Japan). The effective capillary length, indicated in Fig. 1 , is the distance from the fluorescence observation point to the capillary outlet. The ternary mixed solvent solutions were delivered into the capillary tube or the microchannel using a microsyringe pump.
Fluorescence photographs, which mainly consisted of blue and green because perylene and Eosin Y emit light at 470 and 550 nm, respectively, were transformed into line drawings to assess the color (red, green, and blue (RGB)) depth. This was expressed as digital data on a computer, and the numbers were standardized to the line drawing data to give the fluorescence profiles.
Results and Discussion
Dye fluorescence
Our previous studies 12, 14 showed that fluorescence from both dyes could be monitored in organic solvent-rich solutions of water-acetonitrile-ethyl acetate with 3:8:4 volume ratio. However, in water-rich solutions of water-acetonitrile-ethyl acetate with 15:3:2 volume ratio, only the fluorescence from Eosin Y (1 mM) was observed as perylene dissolved poorly in this solution. Therefore, in this study, for both dyes to be dissolved in water-acetonitrile-ethyl acetate mixed solutions, the water-rich solution had an 80:20:9 volume ratio.
The fluorescence photographs in a microchannel for the organic solvent-rich solution ( Fig. 2c . In the water-rich solutions, the comparatively hydrophilic Eosin Y was distributed around the middle of the microspace in the microchannel and the capillary tube, and the hydrophobic perylene was distributed near the inner wall. The fluorescence photographs, in Figs. 2b and 2c, illustrate TRDP with two-colors for the first time in water-rich solutions in a microspace.
Effect of pressure in a batch vessel
A phase diagram of the water-acetonitrile-ethyl acetate mixed solution is shown in Fig. 3 . Solutions with volume ratios of 3:8:4, 3:8:3, and 3:8:2 are marked as solutions A, B, and C, respectively. It can be clearly seen that upon decreasing the Fig. 1 Schematic diagram of the TRDP system for fluorescence observations. The pressure in a capillary tube is estimated using the Hagen-Poiseuille equation with the effective capillary length (the length from the observation point to the capillary outlet). From these results, it is clear that pressures above atmospheric pressure greatly influence any ternary mixed solvent solutions that lie near the homogeneous-heterogeneous boundary curve in the phase diagram. As solution A changes from homogeneous to heterogeneous under applied pressures in the bulk vessel, there is a possibility that pressure changes imposed on the solution in the capillary tube under laminar flow conditions might alter the carrier solution from homogeneous in a microsyringe to heterogeneous in a capillary tube; this is discussed in the following section.
Effects of flow rates in the capillary tube
Fluorescence photographs and profiles, shown in Fig. 4 , were observed for a capillary tube in which the organic solvent-rich carrier solution (volume ratio 3:8:4) containing perylene (0.1 mM) and Eosin Y (1.0 mM) was delivered at flow rates of 0.5 -3.0 μL min -1 . The hydrophobic perylene molecules (blue) were distributed around the middle of the tube, while the comparatively hydrophilic Eosin Y molecules (green) were distributed near the tube's inner wall at flow rates of 0.5 -2.0 μL min -1 (the inflections were observed on the fluorescence profiles of Eosin Y). However, at flow rates of 2.5 and 3.0 μL min -1 , the tube radial distributions of the dyes were not observed and the fluorescence profiles showed that the dyes were homogeneously distributed in the ternary mixed solvent. Also, in the carrier solution at flow rates of 0.1 and 0.2 μL min -1 , we did not observe the tube radial distributions; also, the fluorescence photographs in Fig. 5 show that the dissolved dyes were distributed in the axial direction.
Relationships between the flow rates, pressures, and phase formation
The data obtained in the previous section using an organic solvent-rich carrier solution (3:8:4, volume ratio) containing perylene (0.1 mM) and Eosin Y (1 mM) in a capillary tube are used to investigate the relationships between the flow rates, pressures, and phase formation. The pressure in the capillary tube under laminar flow conditions was calculated at each flow rate (0.1, 0.2, 0.5, 0.8, 1.0, 1.5, 2.0, 2.5, and 3.0 μL min -1 ) using the following Hagen-Poiseuille equation: Fig. 6 . From the data, it can be seen that the flow rate and pressure in a capillary tube, as well as the component ratios of the mixed solvents play important roles in determining TRDP in the solvents.
Effects of flow rates and pressures in capillary tubes
The relationships between the flow rates, pressures, and phase formation created through TRDP were examined under various conditions in capillary tubes. The pressures were changed by altering the flow rates and the effective capillary lengths. A 110-cm-long capillary tube was used, and the effective length was varied over 5 -80 cm (Fig. 6) . A capillary tube of length 110 cm with different effective lengths of 5 -80 cm are represented as (110-effective length) in the figure. For flow rates of 0.5 -2.0 μL min -1 , at all variable effective capillary lengths, the inner and outer phases formed in the capillary tube, even at very low pressures (1.02 -1.03 × 10 5 Pa; effective length, 5 cm). However, at low flow rates of 0.1 and 0.2 μL min -1 and at high flow rates of 2.5 and 3.0 μL min -1 , there was no inner and outer phase formation.
Different capillary tubes of total length, 290 cm (effective length, 200, 230, and 260 cm), 350 cm (effective length, 260, 290, and 320 cm), and 500 cm (effective length, 410, 440, and 470 cm) were also used. A longer effective capillary length than 470 cm could not be used because of the limitation of the microsyringe pump capacity. From these results in Fig. 7 , TRDP was observed for flow rates of 0.5 -1.5 μL min -1 , and not at low flow rates of 0.1 and 0.2 μL min -1 , or at high flow rates of 2.5 and 3.0 μL min -1 . At a flow rate of 2.0 μL min -1 , some capillary combinations of length-effective lengths of (290-230), (350-320), and (500-440) did not form the inner and outer phases. In addition, the capillary tube of length-effective length of (290-260) and that of (350-260) showed quite the same data in Fig. 7 . That is, the same effective length that imposed the same pressure at the observation point in the capillary tube provided the same distribution behavior of the dyes in the tube, in spite of the different total capillary lengths.
We summarize that the majority (with the exception of 3 results) of results with flow rates of 0.5 -2.0 μL min -1 created the formation of the inner and outer phases in the capillary tube, i.e., the kinetic liquid-liquid interface through TRDP. Flow rates above and below this range did not provide phase formation through TRDP. Figure 8 shows the linear velocity and the shearing stress of the fluid in a capillary tube under laminar flow conditions at different phases (axial distribution, TRDP, and homogeneous distribution). At low flow rates (0.1 and 0.2 μL min -1 ), the axial distribution of the fluorescent dyes was observed. When the ternary mixed solvent solution is fed into the capillary tube, at flow rates greater than 0.5 μL min -1 , the TRDP creates a kinetic liquid-liquid interface in the capillary tube. If the flow rates become lower than 0.5 μL min -1 or zero, the surface stress around the liquid-liquid interface, which naturally acts for shrinking the related interface area, changes the distribution pattern of the dyes and the solvents from radial to axial. Although the lengths of colors, blue and green, in the axial direction in the axial distribution pattern, as shown in Fig. 5 , were irregular, the length of the organic solvent-rich phase (blue) was much longer than that of the water-rich phase (green). At flow rates greater than 2.0 μL min -1 , the kinetic liquid-liquid interface fluctuates and the shearing stress opposes the radial force. Consequently, the fluidic behavior at high flow rates leads to homogeneous solutions, where the molecular aggregates are dispersed homogeneously in the solvent. The pressure through the laminar flow in the capillary tube, induced by changes in the flow rate, trigger the phase change from homogeneous to heterogeneous in these ternary mixed solvents. However, in fact, from the experimental data, the phase formation in the TRDP was controlled with the flow rates not with the pressures, at least under the present conditions. Although the reason has not been made clear yet, the new information concerning the TRDP is interesting, and must lead to the next step in TRDP research.
TRDP in a microspace under laminar flow conditions
Briefly, we would like to discuss why the major solvents distribute around the middle of the tube and the minor solvents distribute near the inner wall, irrespective of whether the carrier solutions are organic solvent-rich or water-rich. Figure 9 shows the linear velocity in the radial face section of the capillary tube (circle curves) under laminar flow conditions, based on the following equation:
where u is the linear velocity, μ the viscosity, a the inner radius, r the radial length, and dP/dx the differential of pressure with the axial length. Each circle in the radial face expresses the same velocity, and the spaces between the circles have the same velocity interval. The spaces between the curves become smaller from the center to the inner wall, that is, the inside area has a lower gradient in velocity change than does the outside area. Strictly speaking, Fig. 9 represents an ideal velocity curve, and the real velocity curve in an aqueous-organic solvent mixed solution may deviate from these, although. The possible distribution patterns of the phase formation in the radial profile in a capillary tube are schematically depicted in Fig. 9 as patterns I -III. The kinetic liquid-liquid interface created in TRDP form along one curve of a certain velocity; therefore, it must be generated along one of the circular curves. For TRDP the distribution patterns II or III are preferred to pattern I. Furthermore, the major solvents must occupy the inside area, not the outside area in the capillary tube by considering fluidic stability based on the linear velocity gradients in the radial profile under laminar flow conditions. Therefore, the TRDP has the distribution pattern III.
Conclusions
The TRDP creates a kinetic liquid-liquid interface in a microspace from homogeneous aqueous-organic mixed solutions under laminar flow conditions. The formation of the inner and outer phases in the capillary tube, examined using fluorescence microscopy, was observed for flow rates of 0.5 -2.0 μL min -1 .
The TRDP was controlled with the flow rates, not with the pressures under the present conditions. This finding is interesting and useful for proceeding to the next step in the TRDP research.
